Abbreviations
=============

PNH

:   paroxysmal nocturnal hemoglobinuria

aHUS

:   atypical hemolytic--uremic syndrome

ELISA

:   enzyme-linked immunosorbent assay

CH50

:   hemolytic complement activity.

Introduction {#s0001}
============

Eculizumab (Soliris®, Alexion Pharmaceuticals) is a humanized monoclonal antibody that binds with high affinity to complement protein C5. It prevents the formation of the membrane attack complex and could inhibit the release of C5a, a powerful inflammatory mediator. The latter effect is still under dispute.[@cit0001] The original indication for eculizumab was paroxysmal nocturnal hemoglobinuria (PNH), but the drug subsequently received approval for atypical hemolytic--uremic syndrome (aHUS) from the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA).[@cit0004] Eculizumab is highly effective in both of these chronic diseases, with no evidence of cumulative toxicity when used for several years, hence treatment is rarely discontinued once patients have been established on the drug.[@cit0006] However, the therapy is very expensive, with an annual per patient drug cost of ≤327,600 (US \$645,000) for an adult in the United Kingdom, 381,612€ (US \$573,720) in France and \$350,000 in the United States.[@cit0008] Therefore, the optimization of eculizumab administration and, in particular, an accurate determination of the minimum effective dose, is extremely important in economic terms.

Eculizumab monitoring is currently based on hemolysis biomarkers (*i.e.*, lactate dehydrogenase and haptoglobin levels) and complete inhibition of complement activity. While such efficacy biomarkers show whether the treatment is working or not, they do not indicate whether eculizumab is given in excess to the patients, and do not provide any useful information as to whether a reduction in dose or further spacing of infusions could be safely considered. Measurement of the trough eculizumab concentration could facilitate the calculation of a minimum effective dose on an individual patient basis. To date, no published study and no regulatory agency has indicated the minimum trough concentration required to completely inhibit complement-mediated hemolysis, but targets of 50 and 35 µg/mL have been reported for aHUS and PNH, respectively.[@cit0005]

We therefore aimed to measure the trough eculizumab concentration in patients with aHUS and PNH, in order to determine intra- and inter-variability of eculizumab pharmacokinetics and determine whether eculizumab dosing could be adapted on an individual patient basis, leading to a potentially significant reduction in treatment costs.

Results {#s0002}
=======

Patient characteristics {#s0002-0001}
-----------------------

In this retrospective study, the trough eculizumab concentration was measured in 9 adult patients (median age 40.9 years, range 23.9--67.0 years). Baseline characteristics and eculizumab concentrations are reported in [**Table 1**](#t0001){ref-type="table"}. All patients were Caucasian and 7/9 were female. Seven patients, (Patients 1--7) received eculizumab for aHUS; 2 (Patients 6 and 7) had undergone kidney transplantation. It should be noted that Patient 6 experienced kidney graft loss because of disease recurrence despite plasma exchange treatment. Four patients carried a mutation in complement factor H gene and one patient had a C3 gene mutation. None had anti-factor H antibodies. All patients demonstrated disease control, except for Patient 8, in whom hemolysis and thrombocytopenia persisted, although hemolytic complement activity was not detectable. Eculizumab was discontinued in this patient in 2013, following 15.5 months of treatment. Table 1.Clinical and biological patient characteristics BaselineAt the time of first measurement of eculizumab concentrationAt the last follow-upIDSexDiseaseDelay diagnosis-eculizumab (months)DateAge (years)Kidney transplantSerum creatinine (µmol/L)eGFR (ml/min)LDH (U/L)Hemoglobin (g/L)Platelet count (x10.9/L)Haptoglobin (g/L)DateSerum creatinine (µmol/L)eGFR (ml/min)LDH (U/L)Hemoglobin (g/L)Platelet count (x10.9/L)Haptoglobin (g/L)1FaHUS0.98-Sep-201234.5No4081224526270\<0.313-Jun-201466943861162121.072FaHUS2.113-Sep-201227.9No79812741282040.5220-Jun-2014601093281332100.673FaHUS240.18-Dec-201023.9No140433291372140.7610-Jun-2014106573461361940.624FaHUS0.97-Dec-201140.8NoHDHD3411151740.7526-Jun-2014103944591261750.725FaHUS50.527-Aug-201324.3No21326176891830.8520-Jun-2014175331971041260.756FaHUS2.112-Apr-201249.5Yes139371153562962.0018-Jun-2014118453041223241.947MaHUS3.522-May-201342.9Yes16640244892531.6424-Jun-201479952061231921.228FPNH5.31-Aug-201267.0No106678167180\<0.313-Feb-2013717640265139\<0.39MPNH51.710-Aug-201262.3No996615969107NA13-Jun-2014NANANA144107NA[^1]

Eculizumab pharmacokinetics {#s0002-0002}
---------------------------

Sera were mainly collected during maintenance therapy. Additionally, eculizumab concentrations were measured during the induction period in 2 patients with aHUS (Patients 1 and 7). In these 2 patients, trough eculizumab concentration was \>100µg/mL during the first month.

Analysis of eculizumab pharmacokinetics during maintenance treatment allowed us to estimate trough and maximal concentrations, and intra-individual and inter-individual eculizumab variability ([**Table 2**](#t0002){ref-type="table"}). Intra-individual variations were low, with a coefficient of variation ≤ 25% (18.4 ± 4.6%). By contrast, inter-individual variability was high. Indeed, trough eculizumab concentration ranged from 55 ± 12 to 733 ± 164 µg/mL, with a coefficient of variation of 63%. As shown in [**Table 2**](#t0002){ref-type="table"}, the mean trough eculizumab concentration was \>50 µg/mL in 9/9 (100%) of patients, \>100 µg/mL in 8/9 (88.9%) of patients and \>300 µg/mL in 5/9 (55.6%) of patients. As expected, trough eculizumab concentration was lower in patients with PNH than in aHUS patients, since the former received a lower dose of eculizumab (900 *vs.* 1200 mg every 2 weeks). In seven patients treated for aHUS, the mean trough eculizumab concentration ranged from 43.8 to 947.0 µg/mL (408.8 ± 187.7 µg/mL), with an inter-individual coefficient = 45.9%. If the cut-off value for trough eculizumab concentration associated with complete complement inhibition is 50 µg/mL,[@cit0005] then the observed mean trough concentrations were 7.2 times greater than the reference value in these patients. In Patient 4, the heaviest patient in the study, trough eculizumab concentration ranged from 50 to 100 µg/mL. Contrastingly, trough eculizumab concentration was \>300 µg/mL in the 6 patients whose weight was \<65 kg. Weight is a classical parameter explaining inter-individual variability, and it has previously been suggested that recommended doses may not be sufficient in heavy patients.[@cit0011] In our 7 aHUS patients, trough eculizumab concentration during a maintenance regimen was inversely correlated with weight ([**Fig. 1**](#f0001){ref-type="fig"}; R^2^ = 0.66, p = 0.034). Figure 1.Trough free serum eculizumab concentration correlated with weight in patients with atypical hemolytic--uremic syndrome (aHUS). Table 2.Serum free eculizumab trough concentrationsIDDelay eculizumab-first dosage (months)Weight (kg)Period (months)Number of infusionsNumber of eculizumab determinationsMean (±SD) Trough eculizumab concentration (µg/mL)Minimal and Maximal Trough eculizumab concentration (µg/mL)CV10.56312.8235468±99378--59721228.05416.33610468±76450--56816317.65033.7738733±164536--9472242.89222.440355±1244--682253.7598.21814376±68290--5251864.65617.93923366±68222--4841870.3814.875107±1588--1351489.2657.31613187±47113--25325916.5876.9158161±16155--18810[^2]

Eculizumab clearance {#s0002-0003}
--------------------

The high trough eculizumab concentrations found in several patients are likely to have an economic impact, the degree of which is mainly dependent on the elimination rate of eculizumab. Preliminary data were obtained for Patient 2 after discontinuation of eculizumab ([**Fig. 2**](#f0002){ref-type="fig"}). Free eculizumab concentration was 90 and 38 µg/mL at 54 and 62 d after eculizumab discontinuation, respectively. Considering a target of 50 µg/mL, the interval between infusions could have been extended to almost 2 months in this patient. Figure 2.Decrease in free serum eculizumab concentration in patient 2 after eculizumab was discontinued.

To describe the pharmacokinetics of eculizumab, we developed a one-compartment model with both first-order and Michaelis--Menten rates. The model was able to satisfactorily describe eculizumab pharmacokinetics ([**Fig. 3**](#f0003){ref-type="fig"}). The volume of distribution, clearance, maximum saturable elimination rate and Michaelis constant were estimated (relative standard error) at 3.2 L (10%), 0.18 L/day (7%), 5.0 mg/L/day (4%) and 1.1 mg/L (33%), respectively. Inter-individual standard deviations for volume of distribution and clearance (relative standard error) were 15.0% (4.4%) and 14.6% (3.7%), respectively. The inter-individual standard deviation for maximum saturable elimination rate and the Michaelis constant could not be accurately estimated, and were therefore fixed to 0. Proportional standard deviations were 0.25 (1.6%). Figure 3.Pharmacokinetic estimation of free eculizumab concentration. Observed (crosses) and model-predicted (lines) trough eculizumab concentrations as a function of time for the 9 study patients.

As often reported for therapeutic antibodies,[@cit0012] clearance was significantly related to body weight (β~WT~ = 2.5, p\<0.0001). Finally, the elimination half-life in a medium-weight (63 kg) patient was estimated at 12.4 days, but was observed to fall from 19.5 to 7.8 d with a body weight increase from 40 to 100 kg.

Following this, we predicted eculizumab concentrations and complement activity in relation to body weight ([**Fig. 4**](#f0004){ref-type="fig"}). We observed that an infusion of 1200 mg every 14 d maintained null complement activity in patients weighing less than 120 kg. We therefore predicted complement activity with infusions of 1200 mg spaced every 4 and 6 weeks. Keeping in mind the goal of fully blocking complement activity between eculizumab infusions, it appeared possible to space the infusions to 4 weeks in patients weighing less than 90 kg and 6 weeks in patients under 70 kg. Figure 4.Prediction of eculizumab concentrations and complement activity. Simulations of steady-state trough eculizumab concentrations (broken lines) and complement activity (bold lines) according to body weight for a 1200 mg maintenance dose given every 14 d (squares), every 28 d (diamonds) and every 42 d (circles).

Discussion {#s0003}
==========

This is one of the first studies specifically reporting the pharmacokinetics of eculizumab during the maintenance phase. The small intra-individual variability and large inter-individual variability support the idea that therapeutic drug monitoring could help with adaptation of the dose or frequency of administration of eculizumab, with a view to achieving appropriate trough levels, at least during the maintenance period. Our study indicated that a fixed dosing schedule for eculizumab is associated with excessively high trough concentrations in the majority of patients, hence we propose a weight-based schedule to maintain permanent and fully blocking complement activity.

Of the 7 patients with aHUS, 5 had mean trough eculizumab concentrations above 300 µg/mL. In two trials assessing the efficacy of eculizumab in aHUS, Legendre et al. reported mean trough eculizumab concentrations in adults during the maintenance period of 149 µg/mL and 214 µg/mL.[@cit0005] These results are much lower than those observed in our study (409 µg/mL). However, maximum values and patients´ weights were not reported and therefore cannot be compared with our patients. It must be noted that our study was carried out on a small number of patients, insufficient to constitute a representative cohort. However, the volume of distribution was not greatly overestimated, suggesting that our enzyme-linked immunosorbent assay (ELISA) did not overestimate eculizumab concentrations. Otherwise, the eculizumab concentrations observed in the 2 PNH patients during the maintenance period were similar to those previously published in adults.[@cit0004] Recently a pilot study in 7 pediatric patients (aged from 11 to 17 years) weighing less than 70 kg (48 to 68 kg) has been published. In agreement with our results, trough eculizumab concentrations were \>100 µg/mL in all patients and very variable, reaching about 400 µg/mL in one child.[@cit0013]

Complement activity is the biomarker currently used to determine eculizumab efficiency, even though recent, new tools, such as the measurement of in vitro endothelial complement inhibition, seem worth exploring.[@cit0009] During our assessment of the concentration-effect relationship of eculizumab no liposome lysis was detected when the eculizumab concentration was ≥20 µg/mL. This indicates that, despite its common use, this assay is not sensitive enough and does not detect slightly underexposed patients. By contrast, we established a clearer relationship between the in vitro C5b-9 complex formation detected by ELISA and eculizumab concentration. A full blockade of the complement cascade was obtained for free eculizumab concentrations higher than a threshold of between 44 and 59 µg/mL, in accordance with the previously proposed target.[@cit0005]

The results show a major effect of body weight on eculizumab trough levels, in fact this was the main determinant of the inter-individual variability within our study patient group. Trough eculizumab concentrations were inversely correlated with weight. Clearance was also significantly related to body weight, with decreased body weight being accompanied by decreased clearance and therefore extended elimination half-life, as has often been reported for therapeutic antibodies.[@cit0012] As a consequence, all patients weighing \<70 kg had free eculizumab concentrations above 300 µg/mL. Currently, schedules using fixed doses of eculizumab are in use worldwide for both PNH and aHUS. Such a strategy, which makes no adjustment for patient weight, could and probably should be challenged. Since drug elimination was not linear, it could be predicted that reducing the individual dose would be a better strategy than increasing the dosing interval, in order to maintain a trough concentration of 50 µg/mL, while keeping the quantity of eculizumab administered to a minimum. However, the packaging of eculizumab limits such an approach because the 300 mg vials cannot be easily divided and stored for future infusions. Taking into account this constraint, the following weight-based schedule could be proposed: 90 to 120 kg: 1200 mg every 2 weeks; 70 to 90 kg: 1200 mg every 4 weeks; \<70 kg: 1200 mg every 6 weeks. It should be noted that 1200 mg every 2 weeks might not be sufficient to obtain a total blockade of C5 cleavage. Recently, Cugno et al. spaced infusions at intervals of every 3 or 4 weeks in stable patients, with complete inhibition of complement (measured using the Wieslab Complement System).[@cit0014] They showed that complement activity was completely suppressed in all patients when infusions were spaced at 3 week intervals. This was still the case for most patients when the infusions were performed every 4 weeks. No biological disease activity was observed in these patients. Greatly reduced dosing and hence cost may therefore be considered for patients weighing \< 90 kg.

Admittedly, our pilot study involved a small number of patients, PNH and aHUS being rare diseases. The biological procedures used also need to be tested over time and fully validated. However, these preliminary results provide a basis for therapeutic drug monitoring and suggest potential economic benefit by reducing or spacing the doses, which warrants performing a multicenter study. Finally, the relationship between eculizumab concentration and complement blockade, assessed by using different assays and by measurement of disease activity, should be further evaluated in larger studies. This would enable the validation of a new body weight based dosing schedule for the maintenance phase.

In conclusion, the use of a fixed eculizumab dose for maintenance therapy in PNH and aHUS is likely to be associated with an excessive trough concentration in many patients, particularly those of low body weight. Given the high cost of treatment, it seems probable that major cost savings could be achieved by using therapeutic drug monitoring to tailor the dose of eculizumab to individual patient needs, thus avoiding potentially unnecessary and excessive use of the drug and reducing the risk of side effects. However, results of this pilot study should now be confirmed in larger cohorts of PNH and aHUS patients.

Patients and Materials/Methods {#s0004}
==============================

Patient selection {#s0004-0001}
-----------------

Nine adult patients who received eculizumab for aHUS or PNH were identified in the nephrology and hematology units of the Tours University Hospital, France. Eculizumab was administered according to the standard manufacturer´s recommendations. Patients with PNH and aHUS received a weekly injection of 600 and 900 mg eculizumab, respectively, during the first 4 weeks of therapy, followed by a dose of 900 and 1200 mg, respectively, in the fifth week. These higher doses were subsequently continued as maintenance therapy every 2 weeks. All patient files were reviewed for adherence to the protocol, and clinical and biological data were collected.

As recommended, total hemolytic complement activity (CH50) was regularly measured just prior to the infusion of eculizumab and the 97 serum samples obtained were stored at −80°C. The eculizumab concentration was measured in all samples. Moreover, one patient (Patient 6) agreed to repeat blood sampling between 2 of the infusions and written informed consent was obtained for this. Additionally, serum samples were collected after eculizumab discontinuation in a further patient (Patient 2). These measurements provided essential information about eculizumab clearance.

Measurement of eculizumab trough levels {#s0004-0002}
---------------------------------------

The trough eculizumab concentration in the serum samples was measured by an ELISA specifically developed in our laboratory for this purpose. The plates (NuncPolysorp F96, ThermoFisher, ref. 10449672) were coated with 100 µL of purified human complement component C5 (Quidel, ref. A403) at a concentration of 2 µg/mL and incubated for 16 hours at 4°C in a carbonate buffer. After three washes with 300 µL of phosphate-buffered saline (PBS, ref. 20452335)-0.05% Tween, 200µL of PBS--1% BSA (Sigma Aldrich, ref. A7030) was added and the plates were incubated for 90 minutes at room temperature. The patient sera were diluted to 1:20 or 1:40 and incubated for 30 minutes at room temperature, together with standards (0.5, 1, 5, 10, 25, 35 and 50 µg/mL eculizumab) and controls. The standard curve was prepared in fetal calf serum (Fisher, ref. M3381D) and not in human normal serum (the expected normal biological matrix) since circulating bovine C5 is not recognized by eculizumab ([www.freepatentsonline.com/6355245.html](www.freepatentsonline.com/6355245.html)) and hence does not interfere with the measurement. The controls, however, were prepared by spiking pooled sera from 75 healthy blood donors (male: 55%, mean age: 43.4 ± 13.4 years) provided by EFS (Etablissement Français du Sang, Tours, France) with different eculizumab concentrations. After three washes, an anti-human IgG goat F(ab\')~2~ coupled with peroxidase (Sigma Aldrich, ref. A2290) was added at a 1:3500 dilution in PBS 1% BSA. Revelation was performed using Ortho-Phenylene Diamine (Sigma Aldrich, ref. P9187) for 30 minutes and stopped with a 4N H~2~SO~4~ solution before automated reading using the Evolis 6370 (BioRad, Marnes-la-Coquette, France). No false-positive responses were observed on testing the serum from 30 healthy donors and from 30 patients with autoimmune diseases.

To study the relationship between inhibition of complement activity and free eculizumab concentration, pooled sera from healthy blood donors was spiked in order to obtain 7 samples with eculizumab concentrations ranging from 20 to 166 µg/mL. Complement activity was determined by measurement of liposome lysis (CH50 SPAPLUS®, The Binding Site), which is our routine method of monitoring patients, and by an ELISA kit that detects the final C9 neoantigen that is formed when the complete pathway has been activated (Diasorin, Stillwater, ref. 6300). The latter method was used because of higher accuracy in detecting low to moderate depression of complement activity; with this method the blockage of complement activity was considered as complete when complement activity was \<0.5 U/mL (normal range 63--145 U/mL), corresponding to CH50 \<10%.[@cit0012] Complement activity was found to be abolished in all samples containing eculizumab when using the liposome technique but was detectable using ELISA when the eculizumab concentration was \<59 µg/mL. The relationship between free eculizumab concentration and complement activity was described using regression technique as follows: A = β~0~ × exp(β~1~ × C), where A is complement activity, C is eculizumab concentration, and β~0~ and β~1~ are the model parameters to be estimated. The relationship between complement activity and free eculizumab concentration was A = 20.6 × exp (− 0.084 × C), as shown in [**Figure 5**](#f0005){ref-type="fig"}. Figure 5.Relation between measured free serum eculizumab concentration and complement activity. Complement activity was measured using ELISA (Diasorin), and was expressed in arbitrary units. Measurements were performed in triplicate. The relationship between eculizumab concentrations and complement activity was described using regression technique (gray line).

Pharmacokinetic study {#s0004-0003}
---------------------

The eculizumab serum concentration was analyzed by population pharmacokinetic modeling with Monolix 4.3.2 (Lixoft, Orsay, France). All free eculizumab concentrations were used to establish the model. The process of population pharmacokinetic modeling is detailed in supplementary data. Briefly, one and 2-compartment models with first-order distribution and an elimination rate constant were tested. To account for a possible target-mediated elimination of eculizumab, we added a Michaelis-Menten elimination term.[@cit0016] The inter-individual (η) and residual (ϵ) variability of the pharmacokinetic variables (e.g., volume of distribution and elimination rate constant) were described with exponential and proportional models, respectively. Owing to the small number of patients, only one covariate was tested. Since body weight has been reported to influence the pharmacokinetics of therapeutic antibodies,[@cit0017] we tested weight as a covariate as follows: ln(θ~i~) = ln(θ) = β~WT~. (WT/med(WT)), where θ is a given pharmacokinetic parameter, WT is body weight, med(WT) is median body weight in the population and β~WT~ quantifies the effect of WT on θ. The influence of BW was assessed by a likelihood ratio χ^2^ test; BW was kept in the final model on each pharmacokinetic parameters for which influence of BW was significant for α = 0.02. In addition, we calculated the elimination half-life (T^1/2^), independent of the eculizumab target, for a medium weight patient as follows: T^1/2^ = ln(2)/V/CL.

Prediction of eculizumab concentrations and complement activity {#s0004-0004}
---------------------------------------------------------------

Using eculizumab pharmacokinetics and the models describing the relationship between eculizumab concentration and complement activity, steady-state eculizumab concentrations and complement activity were computed for a 1200 mg maintenance dose given 1) every 14 days, 2) every 28 d and 3) every 42 days, for body weights ranging from 30 to 140 kg. For each body weight value, the maximum spacing of infusions giving null complement activity was considered.
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[^1]: aHUS: atypical hemolytic--uremic syndrome; PNH: paroxysmal nocturnal hemoglobinuria;. ID: patient number; F: female; M: male; eGFR: estimated glomerular filtration using Modification of Diet in Renal Disease (MDRD) formula; LDH: lactate dehydrogenase; L: liter; NA: not available; HD: hemodialysis.

[^2]: ID, patient number; CV, coefficient of variation (intra-individual). Delay eculizumab-first dosage represents the period between date of the first eculizumab infusion and the first measurement of eculizumab concentration.
